Ancient regional routes were essential for permitting interactions among settlements and influenced deeply the development of past societies and their complexification. At the same time, since any transportation infrastructure needs some level of intersettlement cooperation to be established, they can be regarded as an epiphenomenon of social interactions at the regional scale. Here, we propose to analyze ancient nets of pathways to understand the organization of cities and villages located in a certain territory, attempting to clarify whether such organization existed and how it functioned. To address such a question, we chose a quantitative approach. Adopting network science as a general framework, by means of formal models, we try to disclose how the collective effort that produced the terrestrial infrastructure was directed and organized. We selected a paradigmatic case study: Iron Age southern Etruria, a very well-studied context, with detailed archaeological information about settlement patterns and an established tradition of studies on terrestrial transportation routes, perfectly suitable for testing new techniques. The results of the modelling suggest that a balanced coordinated decision-making process was shaping the route network in Etruria, a scenario which fits very well with the picture elaborated by different scholars.
Introduction
Already during the 1970s, and then with more intensity in the last ten years, great attention has been devoted to understand settlement systems through the application of Central Place Theory, locational models, as well as gravitation and other interaction models (see for example Bevan and Wilson, 2013; Nakoinz, 2013a; Davies et al., 2014; Fulminante, 2014; Palmisano, 2017 with references to previous studies).
Such studies usually address settlement hierarchy in terms of relative importance of the sites, trying to figure out to what extent general factors (e.g., topography or socialecological advantages) can explain why some places become more prominent than others. Some of these approaches have been developed specifically to be applied to archaeological case-studies. The kind of data they take as input are as basic as size and position of settlements, information that is often available to archaeologists.
The application of Preston's approach in archaeology to address questions beyond hierarchies and rankings is a less easy task, because of the heterogeneity and incompleteness of data on "movement of people, goods and capital". For example, despite it is often possible to identify the origin and destination of an object/good movement, such data limitations make defining the intermediate steps really challenging. Still, in some cases, the archaeological record provides enough useful information on the exchange of goods or cultural influences among settlements (see for example Paliou and Bevan, 2016 on Bronze Age Crete, or Nakoinz, 2013b on Early Iron Age Germany or Da Vela, 2014 -2015 on Archaic/Roman northern Etruria).
In this line, an even more difficult open challenge is to understand whether and how settlements located in a certain territory did organize at regional level. To what extent did the communities cooperate or compete? Were they just struggling for their individual benefit or were they aware of their interdependence? These are just few questions that can in principle be addressed quantitatively by means of formal models. But what kind of data is suitable to be used for hypothesis selection when dealing with this class of issues?
Here, we propose to gain a better understanding on these important topics by analyzing terrestrial transportation infrastructures (TTI). Indeed, the nets of roads that existed in a territory might encode the footprint of processes and interactions at regional scale. Starting from the Bronze Age, but even more with the advent of the Iron Age, the increasing social complexity and the accumulation of resources, set the conditions for humans to have both the incentive and the capability to build roads (Earle, 1991; Lay, 1992) . Constructed roads flourished along with the development of urban societies, when performing cuts, building bridges, or removing obstacles became both necessary and affordable.
The importance of TTI for the understanding of the political and social organization of the communities that created and maintained them has been previously assessed for example in relation to the Roman Empire (e.g., Chevallier, 1976; Taylor, 1979; Crumley and Marquadt, 1987; Purcell, 1990; Mattingly, 1997; Malkin, 2011) . In the 1990s Trombold presented an important collection of works on TTI in the New World (Trombold, 1991a , followed more recently by Jenkins, 2001 and Smith, 2005) . Recently, a renewed interest in TTI seems to have produced a number of new studies in Pre-Roman and Roman Europe (e.g., Filet, 2017; Groenhuijzen and Verhagen, 2016; Matteazzi, 2017) , suggesting that this is a growing field of research (see e.g., recent projects such as ORBIS 1 by Stanford University, or the New Transhumance project in Toscana, Pizziolo et al., 2016) .
Building on this literature, we propose to take a step further and try to infer aspects of the political organization of a region from the quantitative analysis of TTI. To this end, it is worth noticing that not all kinds of roads are equally likely to embed pertinent information. Paths had indeed different purposes, the most common ones being to connect: resources (e.g., herds to pastures and water, or winter and summer pastures); humans and resources (e.g., villages to pastures, water, mines); human communities with each other (i.e., settlements to settlements). Notice, that only ways of the last type were directly related with inter-settlement (villages, towns and cities) interactions. Consequently, we assume that roads of this kind were the output of a collective effort for the benefit of one or more of the parties involved.
More specifically, we developed a baseline methodology to contrast hypotheses about the organization of a system of settlements, starting from a regional road map. Such a methodology consists of three fundamental ingredients: (1) a procedure for extracting relevant quantitative data from road maps; (2) a set of competing hypotheses about organizational aspects of road construction; (3) formal models translating such hypotheses into mechanisms for generating synthetic data to be compared against the empirical ones .
The underlying idea is that some models reproduce relevant features of the empirical TTI with higher accuracy than others. Thus, we can determine which hypothesis (or hypotheses) better explains the empirical evidence and is therefore more likely to resemble the actual mechanisms of organization. To develop such a methodology, we adopted network science as a general framework. We regard this as a natural choice, given that we chose to focus on road networks because of the information embedded in their connectivity and functionality. Network science provides us both an analytical toolbox for the characterization of such aspects of transportation infrastructures and a conceptual framework for model building.
We selected a paradigmatic case study: Iron Age Southern Etruria, a very well-studied context, with detailed archaeological information about settlement patterns and an established tradition of studies on terrestrial transportation routes. The political organization adopted by Etruscan cities is also known in its essential features -it was a league of loosely cooperating independent city-states (Duodecim Populi Etruriae, "The League of the Twelve people of Etruria", on which see below). These two factors make such a case-study perfectly suitable for testing new techniques.
Background and materials
Between the beginning of the Iron Age and the Archaic Period, (southern) Etruria underwent complex processes of urbanization (see e.g., Pacciarelli, 2001 Pacciarelli, , 2010a Riva, 2010; Bonghi Jovino, 2005; Marino, 2015) . Contrary to what occurred for instance in the nearby region Latium Vetus, such a scenario did not lead to the emergence of any centralized authority or any noticeable disruptions in the balance between the city-states (on this see e.g., Fulminante and Stoddart, 2012) . Even though the ways in which these Italian peoples were organized continues to be an enigma, it is well known that the Etruscan cities shared some religious values and that the Etruscan peoples would at times, possibly on an annual basis, congregate.
As referred by Livy, annual meetings (concilia) of the Etruscan League were held at the Fanum Voltumnae, the federal sanctuary dedicated to Voltumna and traditionally considered to be near Orvieto, to discuss political and military matters, such as for example the war between Veii and Rome around the end of the 5th and beginning of the 4th century BC, but probably also earlier, during the regal dynasty of the Tarquins (7th-6th century BC) or even Romulus (mid of the 8th century BC) and possibly even in the preceding Early Iron Age.
These sources on the Etruscan league suggest that in times of need, the cities probably did request military aid from one another, but there was probably little obligation to comply with such a request. Short-lived coalitions as well as smaller alliances, especially in the southern territory, would likely have been formed for defense and commercial purposes, and perhaps some civic leaders met to discuss political and military situations (on the Etruscan League and the political life of Etruscan cities see the useful reconsideration by Gillett, 2010 and recently Tagliamonte, 2017) .
The status of larger cities was different from that of other settlements over whom they exerted significant control. The location of smaller secondary sites and even rural sites within the landscape has been shown to be integrated into the definition of the territorial boundaries of the city (see e.g., de Santis, 1997 on the territory of Veii and Damiani and Pacciarelli, 2007 on the territory between Veii, Caere and Rome), and the evidence of roads and other engineering works, agricultural practices and settlement patterns has shown that rural landscape was increasingly differentiated from the urban landscape (Izzet, 2007, p.193 ss. with previous references).
Summarizing, the Etruscan cities controlled a territory that included other minor towns and villages and occasionally organized with each other making some coordinated decisions, cooperating for some aspects, and competing for others. In this complex landscape of interactions, the establishment and maintenance of a road network was of crucial importance for the functioning of Etruscan polities both at local and at regional scale. Roads linked the major centres to each other, to minor centers and even to rural sites.
Such a network was the result of a significant collective effort, at least since the Etruscan started to build heavily manufactured roads. Road-building is attested in different parts of Etruria, though most notably in central southern Etruria, and has been largely studied by Landscape Archaeologists such as Ward-Perkins and Potter. This literature is well summarized and presented in the synthesis by Vedia Izzet (Izzet, 2007, pp. 193-207) .
The dating of roads is a difficult task that can be done indirectly, based on that of settlements they pass between and the objects from the tombs that lined them or from the material from settlements associated with them (Potter, 1979, p. 80 ss. but similar observations in Trombold, 1991b) . Nonetheless, Timothy Potter, after J. Ward-Perkins, has differentiated between the winding, irregular courses of the bronze-age and Villanovan paths and more recent longer roads that were more suited to wheeled transport (Potter, 1979, pp. 79-84) . The chronology considered in the present work (from the end of the Bronze Age to the end of the sixth century) corresponds to the period of progressive replacement of early mule and pedestrian routes by what Potter termed 'engineered' roads, suitable for wheeled transport which prevailed during the seventh and sixth centuries 2 . Many of the cross-country Etruscan roads were not based on natural corridors in the landscape in the same way as the earlier tracks. Instead, they followed longer routes that exploited gentler gradients, and the latter were minimized by cuttings which vary in shape and scale (Izzet, 2007, p. 194) . Recently the road-cuts of Etruria have been reconsidered and mapped in an important work by Juha Tuppi, who also emphasized their role in the creation and maintenance of urban authority on the territory (Tuppi, 2014) . Additionally, roads were frequently complemented by complex engineering works (fords, bridges, gutters, culverts, etc.).
All these significant engineering and hydraulic works implied major manipulations of the landscape. Consequently, Etruscan roads can be understood as the product of an organized collective effort by the Etruscan cities. This supports the 'reverse engineering' approach proposed here, based on inferring how Etruscan cities did organize by analyzing the structure of their road network.
To pursue this goal, we relied on the vast and rich literature available. The landscape of Southern Etruria during our period of study has been intensively analyzed, and relevant efforts have been devoted to map both the main settlements and routes connecting them. To identify the main settlements and their location, we relied mainly on the Repertorio dei Siti Preistorici e Protostorici della Regione Lazio (Belardelli et al., 2007) and the study by Iaia and Mandolesi (Iaia and Mandolesi, 2010) for the Early Iron Age, and on the work by Marco Rendeli on the territorial organization of southern Etruria for the Orientalizing and Archaic Ages (Rendeli, 1993) .
These sets of settlements were updated according to the volumes of Studi Etruschi, together with the principal conference series and exhibition catalogs that followed them (for example Della Fina and Pellegrini, 2013) . Concerning routes, we compiled those ones hypothesized by several authors (Potter, 1979; Zifferero, 1995; Tartara, 1999; Brocato, 2008; Enei, 2001; Bonghi Jovino, 2008; Schiappelli, 2008; Wetter, 1962) . Figure 1 shows the hypothesized Etruscan terrestrial communication routes in the Early Iron Age 1 Early (950/925 -900 BC) according to the various authors proposals.
Etruscan road networks
Adopting a network science approach implies that the first step we have to take is to translate available information on pathways from the usual maps format into networks, i.e., mathematical structures made up of interconnected objects. Once the empirical system is mapped onto weighted geographical networks, one can put at work the analytic toolbox provided by network science for their characterization.
From maps to networks
The task of translating road maps into networks is not straightforward and can be performed in many alternative, not equivalent ways. It is important to proceed carefully since decisions made at this stage will condition future results and their interpretation at a very general level. We need a definition of the basic formal ingredients that must be consistent with the questions that we want to address. Such ingredients are: a set of objects, called nodes or vertices, and a set of connections, called links or edges.
The usual representation of road networks takes each cross-point as a node (Barthélemy, 2011) . In this way, each connection between two crosses can be naturally translated into a link, thus obtaining a planar graph, i.e., a graph where edges do not cross. This simple and elegant construction is perfectly suitable for studying traffic problems (e.g., congestion) and communication properties such as the navigability of the network. Nonetheless, our goals are different and this is not the best approach for our purposes. In particular, since we are studying inter-settlement interactions, we need our nodes to be human communities with a certain degree of political agency, such that they could play an active role in shaping the regional infrastructure. Consequently, links also need a new definition. The simplest option is to consider that a bidirectional link between two sites is established whenever they were directly connected by a terrestrial route, with no other settlement in between. Once the rules are set, the second stage consists in selecting and organizing the empirical data.
Since during the chronology under study southern Etruria underwent deep transformation, we decided to divide the period of interest into different temporal stamps. We determined the largest possible time spans during which a set of settlements coexisted without any major changes. Thus, we obtained five time stamps, each one with its corresponding list of geo-localized sites: • Archaic Period (AA): 580 -500 BC Afterwards, we resolved whether and how those sites were connected, that is, if they were directly communicated by a terrestrial route. We assumed that, since within each one of the five Ages considered the set of settlements can be regarded as constant, the same applies to the routes connecting them. In this way, the subject of the analysis is reduced from a continuously evolving ensemble of settlements and routes to five static networks.
Finally, since we were interested in terrestrial routes as the product of a collective effort requiring the allocation of resources to be built and maintained, it was essential to somehow quantify their cost. For modelling purposes, we could not settle for assigning a cost only to the links that are present in the empirical networks. What we needed was a mathematical function able to assign a cost to any potential links, that is, to any connection between any pair of settlements. Only in this way, we would have been able to compare empirical and model-generated networks.
The best option was hence to rely on geography related information. It is indeed reasonable to assume that, beyond the peculiarities of road building in each individual case, the cost of a road is roughly proportional to its length. We concluded that the optimal way to address the geographical factor was to take into account only essential aspects, while a precise method to measure road lengths was ruled out 3 . We represented sites as geo-localized nodes and assigned weights to the links according to the geodesic distance between the nodes they connect. This was a quite good approximation provided that the region under study was relatively small and homogeneous. Additionally, it matched well the scope of our methodology, which focuses on the general properties of the system, not on the details of individual paths.
Characterization of terrestrial route networks
Usually, archaeological studies have looked at the local scale to hypothesize individual routes, taking into account local evidences and geographical or environmental considerations to propose connections. On the contrary, in the present work, we were interested at looking to such connections altogether, that is, to the structure that they formed at the regional scale. By doing so, we could see a transportation network with peculiar features. These features conditioned the way the transportation infrastructure functioned, in the sense that they determined its performance, i.e., the efficiency and robustness of the communication that took place on top of it. Such systemic features are not defined by individual connections between specific pairs of settlements, but by the whole of them. For instance, we might consider interesting the presence of central places much better connected than many peripheral ones (inequality) or the existence of routes or settlements that, if inaccessible, made the network fall apart (fragility).
The very first step for a proper characterization of these systems was the description of the overall connectivity. Here, the spatial nature of the transportation network required not only to consider the amount of connections but also their length. The strength s i of a node i (also known as weighted degree) extends the idea of node degree k (number of connections) to the weighted case. Given a node i, s i measures the total length of its adjacent links (Barrat et al., 2004) :
where V is the set of neighbors of i, and l ij is the length of the link between i and its neighbor j, that is, the distance between the two nodes. The average strength s is the mean value over the set of nodes:
Likewise, it was informative to know the mean length of all the links. For example, considering the same amount of total length in a system, it could be distributed in lots of short edges or in very few long ones, which implied quite different values of the mean length. The average edge length l is obtained by simply averaging the distance of all the links in the system:
where is the total number of links in the network. Notice that these first two indices also provide the average degree k , which is obtained by dividing s by l . Another classical property in network analysis, the clustering coefficient, describes the tendency of nodes to form dense groups (clusters). Given a node i, C i indicates the proportion of all potential links between the neighbors of i that actually exist:
where m i is the number of links connecting two neighbors of i, thus closing a triangle containing i. Averaging this ratio over the set of nodes, the average clustering coefficient C constitute an indicator of the density of closed triangles in the network:
A high (or at least, not negligible) clustering is commonly found in many real world networks (Albert and Barabási, 2002) . The main point of calculating C is to indicate somehow the probability that two neighbors of a site are also connected to each other. Hence, there is no need to use other definitions of clustering adapted to weighted networks. In the specific case of route networks, such coefficient indicates how often two settlements "choose" to build a direct connection even if they are already connected through a common neighbor.
Besides these generic metrics, we needed specific measures able to capture the nature and functioning of these particular networks. It is a well known general fact that the topology of a network is closely related to its functionality: from the brain to the Internet, from trophic relations to metabolic networks, the way all these systems work is closely related to the organization of the connections (Boccaletti et al., 2006) . Infrastructure networks are no exception. They enable interactions between sites, a process that ultimately comes down to some sort of transfer (information, goods...) among sites across a geographic space. Building from this idea, in the past fifteen years, different measures related to the concept of efficiency of communication in networks embedded in a physical space have been introduced.
A first class of measures address the efficiency of a network on a global scale. These measures quantify how well the information is exchanged across the whole network, assuming that the closer two sites are, the easier information is transferred between them. In its simplest definition, the efficiency of the communication between two sites is calculated as the inverse of the shortest path length -that is the minimum number of links -separating them (Latora and Marchiori, 2001) . However, dealing with geographic networks, we needed a definition that compares the best (ideal) path to the shortest path provided by the network. The shortest weighted path length L ij between two sites i and j is the path with the lowest sum of distances, no matter the number of links in it. As a consequence, a path of many steps could be shorter than a path of just few steps if the sum of their lengths was smaller 4 . Following (Vragović et al., 2005) , we considered the geographic distance divided by the (weighted) shortest path length as an appropriate measure for the efficiency in the communication between two sites. The global efficiency of the network, E glob , is calculated as the average over all pairs of nodes:
According to this definition, the global efficiency E glob of a fully connected networkwhere each and every pair of nodes are connected -is equal to 1, no matter the number of nodes, neither their positions.
On the other hand, the local efficiency of a node i, E loc (i), was proposed to quantify how well information is exchanged between its neighbors when that particular element is removed 5 . This metric estimates how resilient a network is against localized failures. We adopted the definition in (Vragović et al., 2005) Table 1 : Network properties of the empirical systems. For each period we report the system size N , the average strength s , the average edge length l , the global efficiency E glob and the local efficiency E loc .
where d jk/i is the path between j and k, both neighbors of i, if we would remove i from the system. Averaging over all the nodes, a measure of the local efficiency (E loc ) of the network under consideration is obtained. After exploring other network properties, we concluded that these five (i.e., s , l , C , E glob and E loc ) are adequate and sufficient to characterize the system. The first three provided enough information about the overall connectivity (number and length of the connections, fraction of closed triangles), and the efficiency measures indicate to what extent the topology was suitable for certain dynamic processes (e.g., information exchange) taking place on the network. After trying several rewiring algorithms, we concluded that it is not possible to obtain two networks with very similar values of these five measures that, at the same time, have very different values of other common structural indexes (e.g., assortativity, degree centralization, strength centralization, average shortest path length (Albert and Barabási, 2002; Boccaletti et al., 2006) ).
Tab. 1 provides a characterization of the empirical networks from these 5 structural features. Among all the considered metrics, whose implications are discussed in further details in the Section 5, we would like to highlight the high global efficiency of these networks, despite the relatively low connectivity (the corresponding fully connected networks have a total amount of connection length that is between 150 and 300 times that of the empirical ones). Hence, we had a preliminary indication of the good quality of the design of Etruscan terrestrial infrastructure.
Network modeling
In the present study, we developed a methodology to infer how settlements did organize at regional level by analyzing the structure formed by the roads that connected them. However, such a methodology cannot consist of a mere analysis of network properties since it would never be conclusive, unless we are able to link such properties to the mechanics that generated them. Therefore, to take a step further, we had to figure out if there was some general rule governing the decision-making processes that shaped the terrestrial route network. It was necessary to hypothesize generative mechanisms that might had created the empirical network and to contrast their outcome (artificial networks) against the empirical evidence. In other words, we had to devise competing network models, each one corresponding to a strategy according to which the nodes made decisions about which links had to be established.
Such a decision-making process needed to be conceptualized in a simplified way to become susceptible of being reformulated as a mechanism for the creation of connections. We wanted to keep our models as simple as possible to have clearly distinguishable options, directly related to different hypotheses that could be contrasted against the empirical evidence. Simplicity is a fundamental ingredient not just for immediate practical purposes, but also for the sake of generality. We were looking for models that could be possibly applied to a variety of analogous case-studies that differ from the present context in everything but some very fundamental aspects of the interaction between settlements. By building complicate models based on the details of the present case-study, we would have made future applications more difficult. In this regard, let us recall that we aimed to reproducing patterns and quantitative properties of the empirical networks, features clearly related with how decisions were made, disregarding local details -presence/absence of individual connections -which are likely due to mere contingency.
Since we wanted to focus on the decisions behind the creation of links, we had to set up our experiments (simulations) in such way that those decisions were made under similar conditions compared to the empirical networks. If we were attempting to disclose how the collective effort that produced the terrestrial infrastructure was directed and organized, then we were not legitimate to modify the general situation in which such an effort took place. In particular, we considered that the set of settlements with their corresponding geographic locations and the amount of available resources -here quantified as the total link length -had to be the inputs of the models, not parameters to be fitted. We were not trying to understand why in southern Etruria there were not more or less or different settlements, or more or less roads. We are addressing the question of why and how the settlements that existed in the region built those roads instead of others.
This approach has some relevant implications that we would like to discuss briefly. First of all, we were considering the economic development of the region, which was supposed to fix the costs the region could afford in terms of kilometers of routes, as a process unrelated with the transportation infrastructure. Although this is obviously not true -roads were vital to the development and there was a clear feedback loop -there were so many complex factors at play that was not feasible to model such relations in a simple formal way. Therefore, to assume that the cost of the network at a given time is fixed externally, was the most reasonable (and useful) assumption at hand.
Secondly, we have to clarify that we were proceeding in this way for each Age independently. Hence, we were considering the existence of links in a given Age as independent on whether they existed in previous times. If a certain road existed during a certain Age, it was because it had a purpose at that time, without regard of what may had happened before. The underlying assumption is that the effort for track maintenance was as important as the cost for creating routes anew and that no maintenance was the same as destruction.
This conceptualization set the basis for the design of a quantitative study based on network analysis and network modeling. In the following sections, we introduce three very simple models without parameters. Each one emulates a different scenario in terms of (a) the information available to each settlements and (b) the nature of the relations between them . Since there was no centralized authority ruling the region, the three of them assumed that settlements defended local interests and no scenario of strategic planning at regional level was included.
Model L-L. Local information, Local decision making.
The first model was inspired by the simplest hypothesis of all, so simple that could be regarded as a "null-hypothesis": Sites individually competed to gain the largest portion of resources (i.e., connection length). The basic idea is that any settlement that had the opportunity to collect the means to build a new connection, did it, thus decreasing the chances of doing the same for other settlements. Since we were not interested in modelling the details of such a competitive process -rather, we wanted to study the effect of competition as an abstract mechanism -we let the chance to determine who won and who lost. Random selection of the nodes that are going to create a new connection is the most simple way to simulate the output of a competition whose dynamics are unknown. Thus, nodes that were more successful -that is, those extracted more often than others -were able to gather a larger amount of resources.
Concerning the choice of the new connection that a selected node decided to build, we imagined that nodes had only local information, i.e., they knew where the closest settlements were located and whether they were directly connected to them. Therefore, in formal terms, model L-L takes two steps to establish a link:
1. A node i is drawn at random from the total population.
A link between i and its closest neighbor j
* (not already connected to i) is created, regardless whether there was an already existing path connecting them through other settlements.
We start with a set of isolated nodes (no links at all), then steps 1 and 2 are repeated until the sum of all the link lengths reached that of the empirical system.
Running this model many times, we created a huge number of networks. Potentially, we generated all the networks compatible with our hypothesis of competing settlements provided only with local information.
Even though, when looking at the details, we found many differences among these networks, at an overall inspection they displayed broad homogeneity. Consequently, it was possible to single out general trends and features shared by the great majority of such structures, suitable to be compared with the empirical counterparts.
Model G-L. Global information, Local decision making.
In this second model, nodes had information about direct connections to local neighbours (as in model L-L) as well as indirect connections to other nodes (i.e., paths including one or more intermediate nodes). The procedure to create links mimicked that of model L-L, but the criterion considered in step 2 changed in order to capture the additional information available to settlements. Hence, instead of choosing always the nearest geographical neighbor, the model takes into account a normalized distance R that is calculated as follows:
Where d ij is the geographic distance between node i and node j, and L ij is the length of the shortest existing path between them. Accordingly, model G-L followed these steps:
1. A node i was drawn at random from the total population.
2. R i (j) values were computed for all nodes j in the system (except for i).
3. The node j * with the minimum R i was selected and a link between i and that node j * was created.
The function R i (j) balances costs and benefits, prioritizing those links that shorten long paths (large L ij ) while wasting little resources (short d ij ). As in model L-L, steps 1, 2, and 3 were repeated until the sum of all the link lengths reached that of the empirical system being modeled.
Notice that, in principle, nodes provided with more information than in model L-L should be able to make 'clever' decisions limiting the waste of resources (i.e., creating roads making non significant contributions). Once again the model had a stochastic component, that is, it was partially ruled by chance. Therefore, each realization had its own microscopic characteristics, but all of them shared some macroscopic commonalities.
Model EE. The Equitable Efficiency Model.
This third model not only provided nodes with global information about their connectivity, but also with the ability to make coordinated decisions. More concretely, each settlement kne ow the length of each one of the existing path between its location and any other settlements, as in model G-L, but this time they prioritized links globally according to their R i (j) value. The exact procedure of model EE is the following: 1. For each node i, all the R i (j) values were calculated.
2. Each node i proposed the creation of a link between itself and a node j * such that the R i (j * ) was the minimum value among all the R i (j) (local interest expressed by node i).
3. All the proposals were ranked according to their R value and a link was created between the pair corresponding to the global minimum (coordinated decision-making).
Step 1, 2, and 3 were repeated until the sum of all the link lengths reached that of the empirical system. The existence of a global priority list instead of individual ones emulated a certain degree of coordination among the settlements in the sense of a general intention of preventing weak-points in the network. In this way, without altering the nature of the interests of each settlement that were still local, we introduced a balancing mechanism to smooth out the effect of competition.
Even though this model did not explicitly optimize any global metric, and therefore could not be regarded as a model of global planning for the infrastructure, the coordinated decision making made it different from the previous ones in a very fundamental aspect. As explained above, L-L and G-L models were stochastic because the focal node i was chosen at random. This was not the case in the EE model, since links were established between the pairs of nodes i and j that minimize R(i, j) at each step. Chance did not play any role in this algorithm, which implies that the model's final output was unequivocally determined: for each empirical network, model EE generated a unique artificial counterpart.
As an illustrative example of the kind of connection patterns generated by the three models, in Figure 2 we represented the empirical network of Age EIA1L with its artificial counterparts: one realization of models L-L and G-L and the output of the EE model.
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Results
Network properties
We validated the three proposed models by testing whether the synthetic networks that they produced were capable of reproducing the structural features (i.e., l , C , E glob and E loc ) of the five empirical networks. As exposed above, we were not aiming to reproduce each and all the connections. Our goal was to explain those features of the overall topology that we had selected for their relevance in determining the performance of such topology when understood as transportation network. This approach had the additional advantage of not being dependent on local individual details of the empirical network. As we explained, terrestrial routes had been inferred by experts taking into account a vast heterogeneous amount of information. While first order connections among main primary centers (cities) are more certain, local connections among small villages might have slightly different interpretations. In some cases, the persistence of settlements through ages on certain alignments make them more likely, but a certain amount of uncertainty is unavoidable.
However, average properties of the connectivity pattern would not change noticeably if few routes were removed or replaced by equally realistic alternatives. In other words, the strength of our approach is that, since it relies on system-scale information, we did not need the route map to be perfectly accurate for this methodology to be applied.
Given that model L-L and G-L are stochastic, we had to average over several realizations (repetitions of the modelling process) to obtain representative outputs. The number of realizations for each model and Age was not fixed a priori. We kept generating new ones until all the average values of all the considered metrics and their standard deviations stabilized within an error of 1%. While significant differences with the empirical networks were observed in the cases of model L-L and model G-L, the EE model was able to recreate with good accuracy the relevant features for all five considered periods. Figures 3 and 4 show the comparison of the properties calculated for the empirical networks and the output of the models along the five Ages. In particular:
1. When comparing with the empirical networks, the average edge length l was generally lower for networks produced through model L-L and higher for networks produced by model G-L. This is due to the fact that nodes in model L-L tended to connect with those that were geographically close to them. On the contrary, in model G-L, if drawn more than once, they looked for shortcuts towards nodes that lie at greater distances. As for model EE, the obtained values were intermediate and close to those of the empirical networks, the largest difference being found in the first period (up to 4.2% with respect to the empirical value). In posterior Ages, this deviation decreased, becoming nearly imperceptible in the last three. In model EE, nodes tried to create shortcuts as in model G-L, but the prioritization mechanism forced the construction of the shortest ones first.
2. The average cluster coefficient C was not reproduced correctly by neither L-L nor G-L models. With the L-L model we obtained values that were (on average) twice or three times the empirical corresponding ones. This difference was higher for the first period (EIA1E), but it was progressively diminishing for posterior periods, as the value of C in the empirical system tended to increase through time while in the artificial networks it is kept constant. Is it worth noting that, since two nodes close to a third one are also close to each other, model L-L naturally created many triangles, that is, networks with very high clustering coefficient. As for model G-L, since the combination of random node selection and shortcuts was very unlikely to close triangle, its synthetic networks presented negligible values of clustering coefficient. Again, model EE provided the best results. It was the only outcome that reached values close to empirical ones (especially in EIA1E and EIA1L), although appreciable differences were spotted during the Orientalizing and Archaic periods.
3. In the case of model L-L, global efficiency E glob was almost always lower than that of the empirical networks. Specifically, obtained values presented a high variability across realizations, and very few of them reached values close to the empirical ones. Since, according to this model, nodes had no cognition of the global scale, a good result in terms of global efficiency might occasionally be achieved be chance. On the contrary, the G-L model produced networks whose E glob was almost identical to that of their empirical correspondents (usually slightly lower) with extremely limited fluctuations. Networks obtained with model EE also showed similar values of E glob and, as opposed to model G-L, they turned out to be slightly more efficient. Both these results were expected because the quantity R is directly related to the global efficiency (see. Eq 6).
4. The values of the local efficiency E loc in synthetic networks produced by model L-L were significantly larger than those of their empirical counterparts. It was just the opposite for the values obtained from synthetic networks produced by model G-L, which were smaller. The closest approximation to E loc was yielded once more by the EE model. The agreement with the local efficiencies of reference is particularly precise since EIA2. Only in the first Age, when model G-L and model EE were practically equidistant to the target value, none of the models could provide completely satisfactory results.
Summarizing, model L-L had the best local connectivity (high C and E loc ), but performed very poorly at global scale (low E glob ), while model G-L was very fragile at local scale (low E loc , nonexistent C ), but quite efficient at global level. More interestingly, model EE displayed the highest values of global efficiency, while doing reasonably well in terms of local efficiency. Both in model G-L and in model EE, nodes explicitly pursued to increase the global efficiency by means of the creation of shortcuts. However, the clever, thrifty use of resources implemented in the EE model, prioritized shorter links. The improvement in the connectivity a local scale was obtained as a useful byproduct.
Network distance
Previous results revealed successful and unsuccessful aspects of each model, and seemed to place the EE model and its coordinated decision making ahead of the ones that included a competitive mechanism. However, it is imprecise to evaluate the performance of the models by merely looking at the properties one by one. We thus defined a distance function D based on the four measures, expressing the agreement between the properties of empirical and synthetic networks all at once:
where e and s indices stand for empirical and synthetic networks respectively. According to this expression, the distance between two networks is the average of the absolute differences of the four characterization measures. The only measure not defined in the range [0, 1], the average link length, was normalized dividing by its value in the empirical system. Figure 5 shows the behavior of the three models in terms of the distance D across the Ages. The deterministic model provided the shortest distance every age. The initial period EIA1E showed the smallest difference between model G-L and model EE. In fact, this was the only moment in which a few runs (around 1%) of model G-L produced similar values of D. Through time, the EE model outperformed the others in an increasingly clear way.
Discussion
Observing how close the behavior of model EE is to that of the empirical networks, our results suggest that this mechanism for the creation of connections resembles, although in an extremely simplified way, the essence of transportation network configuration in Etruria during the Iron Age. Although it is always possible that a different model (implementing different mechanisms) would also recover the features of the empirical road connections, from a general historical viewpoint, our model represents a realistic scenario. It is reasonable that cities and towns from those times were interested in being connected to each other, knew their individual necessities, and shared such information at regional scale. It is also worth noting that the underlying assumption about what the node-polities knew -which is the same in both model EE and model G-L -is also realistic.
Indeed, models G-L and EE do not assume that cities had a complete knowledge on the state of the whole system at each moment, which is a kind of information that would have hardly been available to them. On the contrary, according to these two models, each one of them only knew its own situation with respect to all the other sites, that is, had a complete subjective map of the territory, and tried to improve its connectivity in the most profitable way.
For what concerns the specificities of the EE model, the hypothesis that local interests were sorted according to a more general (global) assessment of the overall functioning of the region is compatible with the existence of a league of loosely cooperating independent citystates. To hypothesize a general common criterion/principle that guided consensus about how resources had to be allocated when dealing with something as fundamental as roads, is perfectly plausible in this scenario.
Of course, we are not defending that somebody was literally computing the value of the ratio between the length of the new route and the shortest existing path between any pair of places. However, it is reasonable to imagine that this was what polities actually did, even though in an approximate, qualitative way. The translation of the insights obtained from simple formal models into the language of the historical processes is necessarily a loose one. Beyond the mathematical formalism, the idea of comparing costs and benefits in terms of shortening connections is a useful concept.
Finally, we would like to focus on the political initiatives of towns and cities. It is important to stress that -not only in model G-L, but in the EE model as well -they were never explicitly pursuing the global good (which would not be compatible with their political independence). In both cases, the good quality of the road network at the global scale (global efficiency), is accomplished as an unintended consequence of the smartness the node-polities seeking their individual benefit.
Furthermore, the EE model -the one which reproduces the most significant features of an empirical road network -balances the individualistic interests of cities and towns by incorporating some level of cooperation, or at least coordination, among the different polities and consider them as equally important, thus creating even better networks. Such a mechanism agrees with our knowledge about the organization of the Etruscan cities.
We have argued so far that the EE model does not contradict any previous knowledge on the case under study. Taking a step further, we would suggest that the fact that the EE model points to communication and balanced powers as ingredients that are essential to build road networks, is a necessity and not an accident. Indeed, such ingredients are basic traits of the political organization of the Etruscans. In conclusion, we are quite confident that a good mechanistic model for terrestrial transportation infrastructure at the regional scale reflects and captures fundamental aspects of the relationships between polities.
Consequently, if a good model for road networks reflects the nature of the interactions between sites, then it is possible to infer basic aspects of such interactions when they are unknown by means of the formal study of the routes that connected them. To strengthen such a conclusion, it would be useful to compare the Etruscan case with other benchmark case-studies for whom we know both routes and political organization (see for example the case study of the Inka Empire, for which see Jenkins, 2001 , or hollow routes of 3rd Millennium BC Mesopotamia analyzed by Menze and Ur, 2012) .
Additionally, future efforts have to be devoted to the generalization of the model presented in this work. We have been lucky enough to start with a case-study that could be very well fitted with a simple model. We can assume that the basic mechanisms are present in other similar case-studies, but not necessary with the same intensity. In a different scenario, coordination among political entities could be less perfect and a certain degree of stochasticity would be required. Moreover, the complete equality that worked so well for Etruria might need to be relaxed for other cases. In any case, since EE model is deterministic and has no parameter, it is suitable to be modified to easily capture these and other particularities.
Conclusions
Roads and paths have been the object of study of antiquarian, landscape and topographical research since the eighteenth and nineteenth centuries. With reference to Etruria, several studies have emphasized the importance of roads building and transportation networks creation for the development of cities and their control over the countryside, especially in the Orientalizing and Archaic Period. However, these studies mainly adopted a qualitative perspective. By applying newly developed Network modelling technique to a well-known case-study such as Etruria, this paper demonstrated the importance of studying TTI not only with a qualitative approach but also from a quantitative perspective, and has open opportunities of further developments in different directions. Firstly, a quantitative approach allows the study of long-term perspectives and/or the comparison between different polities in the same region and/or different geographical and chronological contexts allowing further cross-cultural comparisons of regional systems transportation networks and peerpolities interaction; Secondly, the application of modelling techniques to a known historical case-study has allowed the development of a basic toolbox for addressing potentially any kind of scenario, thus allowing for the creation of a novel methodology for shedding light on the nature of the interactions between past human communities. 
